Wistar rats were given drinking water containing 250 ppm Cd for 12 months. After excision of the kidney and liver, the organs were subfractionated into nuclear, mitochondrial, microsomal and cytosol fractions, and the chemical forms of Cd in the subcelulur fractions were examined. Although approximately 90%o of the total Cd was present bi the cytosol, in the form of metallothionein, 3-5% was also present in the mitochondrial fraction and 5-7% in the microsomal fraction from both organs. By Sephadex G-75 gel ifitration, after solubilizing the particulate fractions with sodium deoxycholate, approximately 89%o of Cd in the microsomal fraction and 94% in the mitochondrial fraction eluted with the same retention time as that of metallothionein in both liver and kidney, while the remainder was found in a high molecular weight protein fraction. The Cd that eluted with the high molecular protein fraction may be involved in dysfunction in subcellular organelies.
Introduction
Cd is recognized as a highly toxic environmental contaminant (1) and can cause damage to several organs, particularly renal dysfunction (1) . Furthermore, it has been suggested that Itai-Itai disease may be due to oral intake of Cd from the Jintsu river in Japan (2) .
Several observations have indicated preferential accumulation of Cd in liver and kidney when animals received this metal (1, 3) . Most of the Cd thus accumulated in the organs is bound to metallothionein located in the cytosol (4, 5) . Recent studies have shown that the metallothionein may have a protective role against Cd poisoning (6) (7) (8) (9) .
On the other hand, electron microscopic studies have described inducement, by Cd administration, of morphological alterations of the subcellular organelles of kidney and liver of experimental animals (10) (11) (12) . In addition, it has been reported that oxidative phosphorylation by isolated mitochondria (13) and protein synthesis by isolated ribosomes (14) were depressed in Cd-fed rats. This suggests that the Cd, as located in subcellular organelles, may be a primary location for the subsequent toxic effect in tissues. However, it has not been demonstrated how Cd is associated with subcellular organelles.
The present investigation was first undertaken to reveal the chemical forms of Cd in microsomal and mitochondrial fractions of rat liver and kidney after long-term exposure of Cd. The results show that over 90% of Cd in the two particulate fractions is bound to a low molecular weight material corresponding to metallothionein, and that the remainder is associated with high molecular weight proteins.
Second, for the estimation of toxicity of Cd associated with high molecular weight proteins, the complex of rat liver microsomes and Cd was prepared and estimated on the inhibitory action toward the alcohol dehydrogenase activity. This complex has a lower Ki value when a relatively higher amount of Cd is associated with the microsomes.
Materials and Methods
Ten male Wistar rats, weighing 220-250 g, were allowed free access to water containing 250 ppm Cd as cadmium chloride. Ten control rats were given Cd-free drinking water. All animals were killed by decapitation after 12 months exposure. The kidney and liver were quickly excised and weighed.
The tissue was homogenized in a Potter-Elvehjem homogenizer with 0.25 M sucrose. The tissue homogenate (10%) was subfractionated into nuclear (which also contained cell debris), mitochondrial, microsomal, and cytosol fractions by differential centrifugation. The supernatant from the nuclear pellet (600g, 5 min) was centrifuged at 11,000g for 10 min to obtain the mitochondrial fraction. The microsomal and cytosol fractions were obtained from the postmitochondrial supernatant by centrifugation at 105,000g for 60 min. The nuclear fraction ws obtained by using Hitachi refrigerated centrifuge Model 05PR-2. Microsomal and mitochondrial fractions were separated in a Hitachi ultracentrifuge Model 65P-7 by using an RP50-2 rotor. Each pellet from the differential centrifugation was resuspended in 0.25 M sucrose, and this resuspension was centrifuged again under each given condition. The washing procedure was repeated three times. A 
Preparations of Cd-Microsomal Protein Complexes
A 3 g portion of rat liver was homogenized with 12 mL of 1.15% KCI-10 mM Tris-HCl buffer (pH 7.5) in a Teflon homogenizer and centrifuged (12,000g) for 20 min. The supernatant was centrifuged (105,000g) again for 1 hr, and precipitated microsomal proteins (100 mg protein) were dissolved in 1% DOC to make up to 3 mL. Several quantities of CdCl2 solution (4.5 x 10-2 M) were 
Assay of Alcohol Dehydrogenase Activity
Alcohol dehydrogenase activity (E.C. 1111) was estimated spectrophotometrically by measuring the initial ratio of the reduction of NAD in the presence of excess ethanol (Table 1 ). In this procedure, the reaction mixture consisted of 0.1 mL of a solution containing several quantities of NAD in distilled water, 0.2 mL of Tris-HCl buffer (pH 8.5), 0.1 mL of ethanol and 0.5 mL of a solution containing several quantities of CdCl2-microsome complex. Just before the measurement, 0.1 mL of alcohol dehydrogenase (yeast, Boehringer Mannheim, West Germany) water suspension (37.5 tg/ mL) was added. The absorbance of the mixture at 340 nm was estimated at intervals of 10 sec from zero time. As a control experiment, 0.5 mL of distilled water with same quantity of microsomes was added instead of Cd-microsome complex. Furthermore, we estimated the inhibitory effect of adding CdCl2 and microsomes added separately, to the cuvette. In this case, most of Cd acts as a free Cd ion to alcohol dehydrogenase activity.
Results
The amount of Cd taken was on the average 17.2 mg/kg body weight/day in the experimental rats. Growth of Cd-fed rats was significantly retarded within a month and continuously thereafter (Fig. 2) . The average body weight of Cd-fed rats was approximately 60% of that of control rats after 12 months exposure. The weight of liver or kidney as percentage of total body weight did not change with Cd intake. Experimental rats were given drinking water containing 250 ppm CdCl2: (0) control rats (no Cd); (0) experimental rats. All animals were weighed at the indicated time. Body weight was the mean of 10 rats.
chondria and microsomal fractions of the liver from the Cd-fed rat. Damage to subcellular organelles by Cd could not be clearly observed after fractionation. The mitochondrial fraction contained both mitochondria and lysosomes, and endoplasmic reticulum; nuclear and cell debris were not found. On the other hand, the microsomal fraction consisted of fragments of rough and smooth endoplasmic reticulum while neither mitochondria nor lysosomes were present. The electron microscopic appearance of each particulate fraction from kidney was similar to that of liver (results not shown). Distribution of marker enzymes could not be determined because the activities of several marker enzymes, e.g., glucose-6-phosphatase, were found to be greatly lowered after Cd administration. The estimated distribution of Cd in the organ subcellular fractions is summarized in Table 2 . Although the Cd content ofthe cytosol was significantly greater than in the other subcellular fractions obtained from both kidney and liver, 3-5% of Cd was found in the mitochondrial fraction and 5-7% in the microsomal fraction of both organs. These particulate fractions were washed three Figure 4 shows representative profiles of Sephadex G-75 gel filtration of the solubilized subcellular fractions. Over 98% of Cd in cytosol from kidney or liver was found to be bound to a low molecular weight material. This material corresponded to metallothionein as reported by Kagi and Vallee (16) . The chromatographs of both the microsomal and the mitochondrial fractions from both organs were the same as those of cytosol, except that there was another Cd-containing peak of a high molecular weight eluted at the void volume. The percentage of Cd eluted at the void volume was found to be 11.1 + 0.6% (mean + SD, n = 4) in the microsomal fraction, and 6.1 + 1.2% (n = 4) in the mitochondrial fraction from both kidney and liver. On the other hand, in the cytosol from both organs, only 1.0 + 0.2% (n = 4) was eluted at the void volume.
For characterization of the low molecular weight Cd binding material in the microsomal and mitochondrial fractions, ultraviolet spectra were taken (data not shown). Each absorption spectrum had a shoulder at 250 nm, which was lost by acid treatment at pH 2.0. This finding implied that Cd was bound by SH groups in this material. Several Cd-protein complexes were prepared with various concentrations of Cd with the same quantities of microsomes. As shown in Figure 1 , Cd-microsome complex was eluted at void volume. This Cd-microsomal complex is composed of protein and lipid at the same ratio of those of original rat liver microsomes. The Cd-protein ratio of the complex with respect to quantity of Cd added is shown in Figure 5 . If we assume that average molecular weight of the protein eluted at void volume is 100,000, the Cd/protein molar ratio is ca. 4 when 0. plex, the alcohol dehydrogenase activity was estimated at the various ratios of Cd in the complexes. As a control, experiments were carried out on the inhibitory effects of adding free ion and microsomes separately or microsomes only (Fig.  6 ). In the case of small amount of Cd associated with the same quantity of microsomal protein (Fig. 6a) 
Discussion
The data in this paper show that, in liver and kidney of chronically Cd-fed rats, most of the Cd was located in the cytosol as previously described (17) (18) (19) (20) . There was, however, 5-7% Cd in the microsomes and 3-5% in the mitochondria and lysosomes. The possibility that the particulate fractions were contaminated by cytosol was eliminated because the Cd content per protein of these fractions did not change after extensive washing. Since several authors have reported morphological changes of subcellular organelles (10-12) and dysfunction of mitochondria or ribosomes (13, 14) , then any Cd located in the mitochondria and microsomes may be expected to be involved in the toxic effect.
Over 98% of the Cd in the cytosol was eluted with metallothionein by Sephadex G-75 gel filtration. Sato and Nagai (21) reported that, except for metallothionein, one to four additional Cd-containing elution fractions were found in the cytosol of liver or kidney after subcutaneous administration of Cd. Under our experimental conditions, these fractions were not found in the cytosol of the organs.
Gel filtration of extracts of the subcellular par- (6) (7) (8) (9) . Furthermore, Waku et al. (23) found that metallothionein had no inhibitory effect on the activity of the microsomal enzyme, acyltransferase, whose activity was inhibited by Cd. This indicates that the Cd eluted in the high molecular weight fraction may relate to dysfunctions of subcellular organelles. A similar suggestion has been presented by Kimura et al. (7) from the examination of Cd toxicity on bone.
In the next step, we studied the toxic effect of the high molecular weight material associated with Cd. We attempted to form complexes of proteins such as bovine serum albumin, y-globulin, cytosol protein or microsomal protein with Cd.
However, cytosol protein formed a precipitate with CdCl2 (0.1-1.2 mg Cd/75 mg protein). Bovine serum albumin did not precipitate with Cd ion, but could not form a complex with Cd. (Cd was eluted in a position of free Cd ion on Sephadex G-75 column). Only rat liver microsomal protein complexed with Cd. This may be due to the fact that 28% of the microsomes are composed of phospholipid (24) , because Cd could form a complex with phosphatidylcholine (25) and may help to form a complex with Cd. As shown in Figure 5 , Cd ion could associate with up to 12 molecules/molecules microsomal protein, if we assume that the molecular weight of microsomal protein is 100,000. As shown in Table 3 The above results suggest that Cd could associate with the microsomes rather tightly when a smaller amount of Cd is associated with the microsomes, and if more quantities of Cd were associated, the loose binding of Cd increases and may play a more toxic role in the living cells.
As shown by Waku et al. (23) , at the level of chronic administration of Cd ion into the rat, ca. 250 ig/g tissue of Cd accumulated in the kidney or 2 x 10-3 M in the tissue. If we assume that 1% of Cd is located at the high molecular weight material, ca. 2 x 10-5 M Cd associated with this material. Therefore, as shown in Table 3 , this concentration of Cd could be loosely bound to the high molecular weight material and could act as a toxic substance in the cells.
